Design and fabrication of vertical external cavity surface-emitting lasers by Ragunathan, Gautham
 
 
 
 
 
 
DESIGN AND FABRICATION OF VERTICAL EXTERNAL CAVITY 
SURFACE-EMITTING LASERS 
 
 
 
 
BY 
 
GAUTHAM RAGUNATHAN 
 
 
 
 
 
THESIS 
 
Submitted in partial fulfillment of the requirements 
for the degree of Master of Science in Electrical and Computer Engineering 
in the Graduate College of the  
University of Illinois at Urbana-Champaign, 2014 
 
 
Urbana, Illinois 
 
Advisor: 
 
 
 Professor Kent D. Choquette 
 
 
  
ii 
 
Abstract 
 
 This thesis examines the design and fabrication of a high output power, surface-emitting 
laser, known as a vertical external cavity surface-emitting laser (VECSEL). A VECSEL utilizes 
a free space cavity along with larger transverse cavity dimensions, to extract higher output 
power. To aid the design of the VECSEL, the thesis begins with fabrication and experimental 
characterization of vertical-cavity surface-emitting lasers (VCSELs). After the structure and 
operation of a VCSEL is overviewed, the fabrication of an oxide-confined VCSEL will be 
detailed. The VCSEL wafers’ epitaxial structures have a variation in their doping concentration 
profile in the p-type distributed Bragg reflector mirrors, to examine the tradeoff in their electrical 
and optical properties. This tradeoff is integral to both the VCSEL and VECSEL designs. A 
simulation of the VCSEL devices is performed and compared to experimental characterization. 
Based on these results, VECSEL devices are then designed for fabrication. Two sets of VECSEL 
structures are overviewed: one set is designed for optical pumping and one set is designed for 
electrical injection. The fabrication process for the optically pumped lasers is described and the 
devices are then characterized. Optically pumped VECSELs demonstrate lasing action and show 
similar trends with regard to the simulated doping concentration. Next, a design of a mask layout 
for electrically pumped VECSELs, composed of a top metal, a mesa layer to provide current 
isolation, and an implant aperture, is overviewed. Electrically injected VECSELs are fabricated 
through the use of ion implantation, backside infrared alignment, chemical mechanical polishing, 
bonding to Cu substrates for use as a heatsink, and wet etching for electrical isolation. Free space 
cavity design and characterization methodology for the VECSELs are described. While lasing 
action of electrically injected VECSELs is not observed, future modifications to design and 
processing are suggested. 
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Chapter 1 
Introduction 
1.1 Vertical-Cavity Surface-Emitting Laser Background and Motivation 
 
 Due to the impact of optical attenuation and dispersion effects in long haul fiber optic 
communications, there is a need for high brightness transmitters. While edge-emitting lasers are 
capable of watt-level output power, their asymmetric optical confinement causes an elliptical 
beam cross section, which causes low coupling efficiency into optical fibers [1]. Additionally, 
edge-emitting lasers can often possess multiple longitudinal modes that lead to reduced 
brightness, and possess a relatively high active region volume which leads to higher threshold 
current. Vertical-cavity surface-emitting lasers (VCSELs) possess higher coupling efficiency into 
fibers simply due to possessing a circular beam cross section and a low output beam divergence 
angle. In addition, VCSELs possess a smaller active region volume which allows for smaller 
threshold current [2], produce a single longitudinal mode, are easily scalable to two-dimensional 
arrays [3], and enable easy probe testing at nearly any point during their fabrication. 
 A VCSEL is composed of an active region, often containing multiple-quantum wells, 
which is positioned between two epitaxially grown mirror structures known as distributed Bragg 
reflectors (DBRs). The necessary strict growth conditions, which are only ensured through 
precise epitaxial growth technology, are largely the reason why the first continuous wave (CW) 
VCSEL was achieved in 1988 [4]. Due to the orientation of the VCSEL optical cavity, light is 
emitted from the surface of the wafer as opposed to the edge. The transverse symmetry of the 
cavity causes a circular output beam with low divergence angle. Transverse optical confinement 
has been achieved through index guiding via selectively oxidized apertures [5], gain guiding via 
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proton implantation [6], as well as two-dimensional photonic crystals for endless single-mode 
operation [7]. The DBR mirrors in a VCSEL often are required to be highly reflective, on the 
order of 98-99%, in order to ensure a comparable threshold gain to edge emitters. The small 
cavity diameters as well as the high reflectivity mirrors limit the output power of VCSELs. 
Efforts to increase the active volume in VCSELs for higher output power via larger oxide 
apertures has led to instability in lasing output as well as multimodal operation [8]. Similar 
limitations are seen in proton implantation schemes [6]. A principle limitation of VCSELs is in 
extracting high power from the fundamental Gaussian mode. 
1.2 Vertical External Cavity Surface-Emitting Laser Motivation 
 
 Conventional VCSELs, as described in Section 1.1, have demonstrated multi-mode 
output, efficient operation, and a circular beam cross section that is suitable for fiber optic 
coupling. However, due to their small active volume, VCSEL output power is often low. While 
two-dimensional arrays [9] and broad area single emitters [10] have produced significant watt-
level power output, they are often in multiple modes, leading to fluctuations and relative 
intensity noise in the power output. This can often limit modulation bandwidth and laser 
stability, which are undesirable in fiber optic links. A single emitter with high brightness, with 
many of the advantages of VCSELs can be attained by a device known as a vertical external 
cavity surface-emitting laser (VECSEL).  
 A VECSEL utilizes a partial-VCSEL, consisting of a bottom DBR mirror and active 
region, but the top DBR is substituted for an externally aligned mirror. Unlike a VCSEL, a 
VECSEL incorporates a free space optical cavity. Due to the macroscopic length of this free 
space cavity, VECSELs can be employed in a variety of applications. Due to the ease of 
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alignment of mode locking mechanisms such as semiconductor saturable absorber mirrors 
(SESAMs), one significant application of VECSELs has been in ultrafast pulse formation [11, 
12]. Electrically injected VECSELs to date have achieved picosecond pulse widths, and 
femtosecond pulse widths have been demonstrated with optical pumping [11]. The main purpose 
of this thesis is to pursue the second major branch of research of high CW power, or high 
brightness VECSELs. Most VECSEL research for this endeavor focuses on telecommunication 
wavelengths of 980 nm [13, 14] and 1.55 μm [15]. The record for electrically injected output 
power at 980 nm is 0.5 W in single mode and ~1 W of multimode output [13]. Using optically 
pumped VECSELs, output power scales linearly with the pump spot size, where output powers 
of up to 8 W have been demonstrated [16].  
1.3 Scope 
 
 This thesis reviews the design and fabrication of a VECSEL. One important design aspect 
is the impurity concentration used in the DBR mirrors. There is a fundamental tradeoff between 
reduced electrical resistance and increased optical absorption with increased impurity 
concentration. A first step to examine this tradeoff is the fabrication and characterization of a set 
of VCSEL devices with varying doping profiles in the DBR mirrors. Simulation of these VCSEL 
devices is compared to experimental characterization to determine the appropriate doping profile 
of the VECSEL epitaxy. For optimizations of high power operation, a VECSEL mask set is 
designed, and a fabrication process for VECSELs is developed.  
 Chapter 2 will begin with an overview of the VCSEL. Section 2.1 includes the 
requirements for the active/cavity region, as well as the design of the quantum wells. Threshold 
gain and the necessary phase condition are discussed for VCSELs, as well as the slope 
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efficiency, series resistance, and output power. A description of the epitaxial design and 
fabrication of a particular device set of VCSELs for this study will be detailed in Section 2.2. A 
simulation study of the wafers used is established in Section 2.3. In addition, the experimental 
setup for characterization is described, and relevant lasing properties are extracted and detailed. 
Noticeable experimental trends are examined and compared to the simulation study. The results 
of Section 2.2 serve as recommendation for the design of the VECSEL epitaxy.  
 Chapter 3 will focus on the design, fabrication and characterization of VECSELs. 
Initially, Section 3.1 will focus on the epitaxies designed for electrically injected VECSELs and 
will also include a cross section of the designed device. The epitaxies designed for optically 
pumped VECSELs, and the fabrication and lasing results of these devices, will be described in 
Section 3.2. The design of the mask set and the fabrication process of the electrically injected 
VECSELs will be discussed in Section 3.3. Section 3.4 will detail the testing procedure for 
electrically injected VECSELs, as well as presenting electrical characterization results.  
 Finally, Chapter 4 will summarize the results and conclusions of this study. Issues with 
the fabrication and the testing setup will be examined and improvements will be suggested for 
future work.  
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Chapter 2 
Vertical-Cavity Surface-Emitting Lasers 
 
2.1 Vertical-Cavity Surface-Emitting Laser Design 
 
 A laser is composed of a pump source that provides excitation necessary for light 
emission, a gain medium or active region that provides optical gain, and a cavity formed by two 
mirrors to create optical feedback. The length of the cavity determines the wavelength spacing 
between longitudinal cavity modes defined by: 
                                                       
  
   
     (2.1)       
where n represents the refractive index of the gain medium, and L represents the cavity length. 
The lasing cavity modes are ultimately determined by their spectral overlap with the gain 
spectrum, which in turn is dependent on the gain material. For edge emitters the active region is 
often thousands of wavelengths in length, which corresponds to smaller mode spacing, and 
therefore multiple lasing longitudinal modes. The long active region also enables high power 
capable of reaching optical output power of 10 W [1]. The cavity of an edge emitter is often 
formed by mirrors created by cleaved edges of the semiconductor chip.  
  A vertical-cavity surface-emitting laser (VCSEL) is grown by high precision growth 
techniques such as metal organic chemical vapor deposition. A key difference between a VCSEL 
and an edge emitter lies in the mirror structure. A VCSEL uses the structure detailed in Figure 
2.1 known as a distributed Bragg reflector (DBR) mirror. A DBR mirror is composed of 
alternating high and low index layers that are each grown to be a quarter wavelength thick. In 
order for this growth to be epitaxial on GaAs substrates, a conventional DBR mirror is composed 
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of AlxGa1-xAs layers, where the molar concentration, x, is varied, which in turn causes a change 
in corresponding band gap and optical index.  
 
Figure 2.1: Distributed Bragg reflector structure 
  To achieve lasing, the threshold gain condition, which requires the electric field in a 
laser cavity to reproduce itself after one round trip, yields [2]:  
           
(      )    (          )               (2.2) 
where r1,2 refers to the field reflectivity of the mirrors,      represents the threshold modal gain 
necessary to satisfy this condition,   represents cavity losses such as absorption and scattering,   
describes the propogation constant of the light, and      represent the change in phase induced 
by the mirrors. The DBR mirror can induce a phase change of either 0 or  , which can be 
controlled by the order of the high and low index layers (i.e. high-low or low-high). Solving for 
the required threshold modal gain yields: 
          
 
  
  (
 
    
)               (2.3) 
Since the active region thickness of a VCSEL is often on the order of the wavelength of light, λ, 
it requires a higher reflectivity for its mirrors than an edge emitter for comparable threshold 
modal gain. High reflectivity mirrors are achievable by increasing the number of DBR periods. 
Conventional VCSELs often contain 20-30 periods of these DBR structures, which can produce 
mirrors with 98-99% reflectivity. The optical transmission spectrum calculated utilizing a 
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transmission matrix method (TMM) for a DBR mirror can be seen in Figure 2.2. The phase of a 
DBR mirror is zero or π response in the center wavelength of the transmission stop band. 
Therefore for a viable VCSEL design, the active region thickness must be carefully controlled to 
set the cavity mode within a tolerable range in the center wavelength of the DBR mirror pass 
band.  
 
Figure 2.2: Calculated transmission spectrum of a DBR mirror 
 A typical oxide-confined VCSEL, which is schematically shown in Figure 2.3, is grown 
on a GaAs substrate, starting with a bottom DBR mirror, an active region and finally a top DBR 
mirror. The bottom and top DBR mirrors are doped n-type and p-type, respectively, to minimize 
series resistance for electrical injection. The active region is one wavelength thick; it is 
composed of cladding layers to form a p-n junction, as well as a gain region. In order to achieve 
lasing through ensuring spatial ad spectral overlap between the optical mode and the gain region, 
quantum well structures are often grown to overlap the antinodes of the longitudinal profile. 
While edge-emitting devices often ensure transverse confinement of light with the formation of a 
ridge waveguide, VCSELs need additional mechanisms of optical confinement. One method of 
doing this is through the formation of a mesa structure. However, this strong optical confinement 
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often leads to multiple transverse modes. An oxide-confined VCSEL utilizes an oxide aperture 
positioned within one or both DBR mirrors [3] to provide additional transverse confinement. The 
oxide aperture is electrically insulating, so it can guide the current, and it also provides optical 
confinement via a transverse waveguide formed by the lower index oxide surrounding the cavity.  
 
 
 
 
 
 
 
 
 
 
Figure 2.3: Sketch of an oxide confined VCSEL  
 
2.2 Device Fabrication 
 Seven VCSEL wafers were designed to study the effect of doping in the DBR mirrors of 
oxide confined VCSELs. A 35 period bottom DBR is grown composed of Al0.12Ga0.88As/Al0.9-
Ga0.1As alternating layers. A 41.6 nm grade between the high and low index layers in the DBR is 
used in order to lower series resistance [4]. A wavelength thick active region, containing 5 
quantum wells composed of GaAs with AlGaAs barriers designed to emit at 850 nm and aligned 
to the antinode of longitudinal profile, is grown.  On each side of the optical cavity a low index 
DBR layer is replaced with Al0.98Ga0.02As to function as an oxide aperture. A 22 period top DBR 
mirror is grown to serve as an output coupler. The doping profile of the DBR mirrors is divided 
into two portions:  the two inner DBR periods close to the active region, and the outermost 
λ Active Region w/ QWs 
λ/4 p-DBR 
GaAs Substrate 
 
Oxide Aperture 
λ/4 n-DBR 
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periods for both the top and bottom mirrors. For the p-doped mirror, doping in the inner 2 DBR 
periods varies across the samples from 5x10
17 
cm
-3
 to 4 x 10
18
 cm
-3
. For the n-doped DBR 
mirror, doping in the inner 2 DBR periods varies from 5 x 10
17
 cm
-3 
to 3 x 10
18
 cm
-3
. For the 
purposes of evaluating the effect of impurity doping on lasing operation, three wafer designs 
were of specific interest for electrical characterization and simulation. These three designs are 
described in Table 2.1. The three samples specifically have identical doping profiles in the n-
doped DBR mirrors but vary in the inner two p-doped DBR periods, with concentrations varying 
from 5 x 10
17 
cm
-3
 to 2 x 10
18 
cm
-3
. The designs of the inner p-type DBR mirror were chosen 
since this doping profile plays a dominant role in VECSEL design. 
Table 2.1: Structure and doping profiles for VCSEL samples 
Structure 
 
EMC 1003 EMC 1005 EMC 1006 
Top 20 p-DBR 
doping 
4 x 10
18
 cm
-3 4 x 1018 cm-3 4 x 1018 cm-3 
Top 2 period p-DBR 
doping 
2 x 10
18
 cm
-3 4 x1018 cm-3 5 x 1017 cm-3 
Oxide Layer 
λ Cavity(5 QW) 
Oxide Layer 
   
Bottom 2 period n-DBR 
doping 
1.5x10
18
 cm
-3
 1.5x10
18
 cm
-3
 1.5x10
18
 
cm
-3 
Bottom 33 period 
n-DBR 
doping 
3 x 10
18
 cm
-3 
3 x 10
18
 cm
-3 3 x 1018 cm-3 
 
  The fabrication of oxide-confined VCSELs is performed at the cleanroom facility in the 
Micro and Nanotechnology Laboratory at the University of Illinois. The mask set is composed of 
a top metal mask layer and a mesa mask layer. The mesa mask is composed of square features as 
small as 30x30 μm and increasing by 0.5 μm increments on each side to 44x44 μm, then 
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increasing by 1 μm on each side to a mesa size of 70x70 μm. The top metal contacts are square- 
shaped ring contacts that are positioned within the mesa structures (~2 μm from each side of the 
mesa layer square) and scale in dimension in the same manner as the dimension of the mesa side 
length. The variation of the mesa size allows for an equivalent variation of the oxide aperture 
size. 
 The fabrication process for the oxide confined VCSELs is described as follows. The 
VCSEL substrates are degreased via a standard acetone, IPA and DI water wash. A broad area 
backside n-type contact is evaporated via a CHA metal evaporator. 40 nm of AuGe is thermally 
evaporated, followed by 12 nm of e-beam evaporated Ni to serve as an adhesion layer. 150 nm of 
Au is finally deposited via e-beam. This combination of metals ensures an ohmic contact for the 
n-doped substrate. The top metal lithography is then conducted with the use of AZ 4313 
photoresist (PR), which is deposited via a pipette and spread at 500 rpm for 3 seconds, and spun 
at 5000 rpm for 30 seconds to promote uniformity. The photoresist is baked briefly at 95
o
C to 
harden the mask, and exposed to a UV source for 1.5 minutes via a Karl Suss Aligner, and 
finally developed in AZ 400K Developer. Before depositing metal, a 15 second wet etch in 1:10 
NH4OH:H2O solution is performed in order to remove insulating native oxide and passivate the 
GaAs surface to promote good adhesion with metal. Any organic residue is also removed via a 2 
minute O2 plasma exposure. The top metal, designed for p-type ohmic contact, is deposited, 
consisting of 15 nm of Ti, followed by 150 nm of Au. 
 A 400 nm layer of SiO2 is deposited via plasma enhanced chemical vapor deposition 
(PECVD) to assist with quicker growth. This SiO2 layer serves as the mask for the etching step 
required for mesa formation. AZ 5214 PR is then deposited and exposed with the mesa mask. 
Reaction ion etching (RIE) performed by a PlasmaLab Freon RIE tool, using ionized CF4 gas as 
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the etchant, is used to etch the SiO2 in areas that exclude the top surface of the mesas. After 
removal of the PR via acetone, the sample is ready for semiconductor etching to form mesas. 
Any remaining organics are removed using a 2 minute O2 plasma exposure. A PlasmaLab 
Inductively Coupled RIE (ICP-RIE) that uses a ~150 V DC bias in order to accelerate plasma 
ions is used to etch the semiconductor. A plasma obtained from SiCl4 gas, stabilized by Ar gas, is 
used as the etchant. The ICP-RIE etch depth is measured by optical reflectometry. The 
reflectometer was aligned to the sample loaded in the ICP chamber to receive reflections from 
the etched surface rom a 632 nm laser. Variations in the reflected intensity as successive high 
index and low index DBR layers are exposed during etching are monitored with the use of a 
photo detector. The mesa etch depth is at least 2 DBR periods past the active region for all 
samples. This provides sufficient electrical isolation between adjacent VCSELs and, more 
critically, exposes the oxide aperture sidewalls to allow for lateral oxidation. 
 The final steps of processing involve selective oxidation to create the oxide aperture, 
which creates index and current guiding in the VCSELs. A wet oxidation is performed at 410
o
C 
in a tube furnace with N2 bubbled through water flowing across the sample. Test pieces are used 
to establish an oxidation rate. The lateral oxidation of the highest Al mole fraction layers 
effectively forms the oxide apertures in the VCSEL. Once the oxidation rate is established, the 
oxidation process is carefully timed to oxidize laterally to a length of approximately 18-19 μm. 
After oxidation, the samples are loaded into the PlasmaLab Freon RIE machine and the 
remaining SiO2 that covers the top surface of the mesa is removed without damaging the top 
lasing facet. 
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2.3 Characterization and Simulation of Mirror Impurity Concentration 
 The electrical characterization setup for the VCSEL samples is shown in Figure 2.4. The 
power source for biasing can be switched between a Keithley 236 Current and Voltage source, 
and a HP 4156C Semiconductor Parameter Analyzer (SPA). The SPA interfaces with a LabView 
program to set a controlled variation of DC current. The SPA also measures the voltage and 
monitors the optical power output, the latter of which is measured by a Si photo detector. A 
Yokohama AQ6370C optical spectrum analyzer (OSA) is connected to a fiber probe to measure 
spectral characteristics.  
 
 
 
 
 
 
Figure 2.4: Electrical characterization setup 
 The characterization of the VCSEL devices proceeds as follows. The top metal surface is 
contacted with an electrical probe connected to the Keithley and the voltage is monitored to 
determine the smallest mesa that conducts current.  This mesa corresponds to the smallest oxide 
aperture and acts as a reference from which the oxide aperture width can be determined. A 
typical laser characterization is shown in Figure 2.5 in the form of a light output vs. current vs. 
voltage plot (LIV). The slope of the power vs. current (LI) curve describes the efficiency of 
Keithley 
OSA 
SPA 
Fiber Probe 
Photodetector 
Camera 
Electrical Probe 
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power extraction, also known as slope efficiency.  Slope efficiency is extracted by selecting a 
point closely above the threshold current and another point before the maximum optical power. It 
was found that the EMC 1005 VCSEL devices possessed drastically lower slope efficiency than 
the other VCSEL wafers in the experimental studies, possibly due to a poor ICP etch, so its 
results and simulation are excluded. 
 The laser slope efficiency is of interest for VCSEL design as well as for the VECSEL 
design described in Chapter 3. The output power of a VCSEL can be defined [2] as: 
          
  
 
    
     
(     )    (2.4) 
where Ith, references the threshold current (A),    is the internal quantum efficiency or injection 
efficiency (%),    describes the mirror loss, and    describes cavity losses such as oxide 
scattering and absorption in cladding, and also includes absorption in the DBR mirrors 
(measured in units of cm
-1
). The DBR mirrors experience free carrier absorption due to the 
presence of carriers generated from ionized impurities. Free holes have a larger effect on 
absorption properties than free electrons particularly at long wavelengths, due to a larger 
absorption capture cross section and the presence of light hole, heavy hole and split-off bands 
[5]. There thus exists a tradeoff in the impurity doping between series resistance and optical 
slope efficiency in a VCSEL. Higher impurity concentration implies a lower electrical resistance 
but is accompanied by higher optical absorption. 
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Figure 2.5: LIV of 6.5 μm oxide aperture VCSEL 
 In order to simulate this tradeoff, RSoft LaserMod is used to model the VCSEL 
structures. First, using a one-dimensional model of the epitaxial layers without the oxide 
aperture, TMM is used to simulate the transmission spectrum of the VCSEL.  Figure 2.6(a) 
shows the transmission spectrum of the VCSEL cavity.  The spectrum is similar to that of a 
DBR; however, an increase in transmission corresponding to the resonant cavity mode can be 
seen in the DBR transmission stop band at 850 nm in Figure 2.6 (a). The cladding layer thickness 
is adjusted in order to center the cavity mode to satisfy the required phase condition. Figure 
2.6(b) plots the longitudinal mode profile and index profile in the cavity. The longitudinal mode 
profile demonstrates good spatial overlaps between the center of the electric field profile and the 
quantum wells as intended.  
 RSoft LaserMod is next switched to a two-dimensional model to account for the oxide 
aperture, and to simulate the lasing output properties. The finite element method (FEM) is 
utilized in order to simulate the cold cavity LIV of the devices. Larger diameter oxide apertures 
are considered, in order to exclude scattering loss induced by the oxide aperture. These 
simulations are also intended to be compared to VECSELs, which possess large transverse cavity 
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dimensions. The number of cavity modes in the simulation is increased for the larger oxide 
apertures to produce reasonable agreement between the simulation and measured results. For the 
purposes of comparison to the VCSEL experimental characterization, the inner 2 periods of the 
top DBR mirror are varied. The slope efficiency extracted from the simulation LIVs were 
initially higher than the experimental slope efficiency results, likely due to differences in the 
material parameters as well as the effect of the oxide aperture. Additional periods were added to 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6: (a) Transmission spectrum of cavity, (b) Longitudinal mode-cavity overlap 
the outer p-DBR mirrors to lower the slope efficiency to better match the experimental 
characterization results. The doping is then varied in the two period inner portion of the p-DBR 
mirror for an oxide aperture width of 6 μm. A larger oxide aperture width of 7 μm was also 
simulated with this modified VCSEL structure to examine whether the deviation between 
experimental and simulated slope efficiencies was simply rectified by adding more DBR pairs. 
Figure 2.7 plots the slope efficiency for simulated and experimental VCSELs from samples EMC 
1006 and EMC 1003 (see Table 2.1). The simulation shows reasonable agreement with 
(a) 
(b) 
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experimental results. The lower doping in the p-DBR of EMC 1006 leads to greater slope 
efficiency, which is equivalent to the simulation. Increasing the oxide aperture width also 
increases the slope efficiency in the simulation and experiment.  
 
Figure 2.7: Slope efficiency vs. aperture size from experimental and simulated lasing characterization 
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Chapter 3 
Vertical External Cavity Surface-Emitting Lasers 
 
3.1 Vertical External Cavity Surface-Emitting Laser Design 
 
 A vertical external cavity surface-emitting laser (VECSEL) diode is composed of a 
bottom p-type distributed Bragg reflector (DBR) mirror, an optical cavity, and a partial n-type 
top DBR mirror which is supplemented with an external mirror. Utilizing the simulation and 
characterization study of varying impurity profiles in the DBR mirrors of VCSELs discussed in 
Chapter 2, the epitaxy of a VECSEL is designed and is described in Table 3.1. The epitaxy is 
provided by nLight, a high power laser diode company located in Vancouver, Washington. The 
VECSEL wafers are grown in reverse order on a 250 μm thick, standard 3 inch diameter GaAs 
wafer.  First, the partial DBR consisting of 10 alternating periods of a Al0.12Ga0.88As/Al0.9Ga0.1As 
n-doped (silicon impurities) DBR mirror, followed by an active region, is grown. The active 
region length is 3 half-wavelengths (instead of the conventional wavelength thick active region 
for a VCSEL) in order to provide a larger active volume for greater power output.  InGaAs 
quantum wells (QWs) with GaAsP barriers are designed for 980 nm emission, with two periods 
of QWs positioned at the antinodes of the longitudinal profile to maximize their confinement 
factor. The active region also contains AlGaAs cladding layers, which are adjusted to tune the 
cavity resonance wavelength. The cavity resonance wavelength is red-shifted with respect to the 
QW gain spectrum by at least 10 nm. Prior VECSEL design work has shown higher maximum 
output power with large detuning [1], as well as greater efficiency at high operating currents for 
high output power. Finally a 33 period p-doped DBR (carbon doping species) is grown. The 
epitaxy has two distinct doping profiles within the DBR mirrors as shown in Table 3.1. The 
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doping concentration of the AlGaAs confining layers close to the active region is 5 x 10
17 
cm
-3
 
for the low doping design and 1 x 10
18 
cm
-3
 for the high doping design. The n-doped DBR mirror 
has an impurity concentration of 2.5 x 10
18
cm
-3
 for high doping design,
 
while the doping 
concentration for low design is 2 x 10
18
 cm
-3
. The p-doped DBR mirror has an impurity 
concentration of 1x10
18
 cm
-3
 for the low doped design, and a concentration of 2.5x10
18
 cm
-3
 for 
the high doped design. 
 The fabrication steps and mask layout are described in Section 3.3 to form the electrically 
injected VECSEL design shown in Figure 3.1. A notable difference between VECSELs and 
VCSELs lies in the use of the substrate. The substrate acts as a heat sink for VCSELs, while 
VECSEL designs utilize the substrate as a current spreading layer (CSL). The CSL serves as a 
region for injected carriers to diffuse into the center of a larger gain pumping region. The CSL is 
etched away between devices. This ensures a larger area to pump and extract optical gain, which 
is suitable for higher output power. Another difference form a typical VCSEL is the output side 
of the VECSEL is the n-doped DBR mirror. As established in Chapter 2, the impurity doping 
assists electrical injection, but has the tradeoff of increasing free carrier absorption and limiting 
output power and slope efficiency in the laser. Electrons exhibit lower free carrier absorption and 
higher mobility, so an n-doped DBR mirror is preferred for the output coupling mirror. For the 
purpose of a heat sink, the VECSEL device is bonded to a copper plate through a process 
detailed in Section 3.3. A backside contact is also defined, which is different from the broad area 
substrate contact for VCSELs. This is done since current spreading is of greater relevance for the 
larger area VECSELs intended for high power operation. 
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Table 3.1: Electrically injected VECSEL epitaxy description 
 Structure A6913 
(Low Doping) 
A6906&6910 
(High Doping) 
33 period p-DBR 1 x 10
18
 cm
-3 
2.5 x 10
18
 cm
-3 
3
λ
/2
 A
ct
iv
e 
R
eg
io
n
 
Confining p-
Al0.12Ga0.88As Layer 
5 x 10
17 
cm
-3 
1 x 10
18
 cm
-3
 
6 QWs (2 per node)   
Confining n-
Al0.12Ga0.88As Layer 
5 x 10
17
 cm
-3 
1 x 10
18
 cm
-3
 
 10 period n-DBR 2 x 10
18
 cm
-3 
2.5 x 10
18
 cm
-3 
  
  One novel modification of our VECSEL compared to other studies is the use of an 
implant aperture in the p-doped DBR mirror for gain guiding. Prior studies have proposed oxide 
apertures to confine the current. However oxide scattering often limits the power output, so the 
lower loss method of ion implantation is employed in our design. The implant aperture has the 
effect of locating the gain in the center of the cavity and thus promoting the fundamental 
transverse mode. The VECSEL thus creates preferential pumping of the fundamental mode, as 
opposed to a loss-based mode selection like oxide apertures [2] or photonic crystals [3]. 
 
Figure 3.1: VECSEL device cross section 
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3.2 Optically Pumped Device Results 
  
 VECSEL epitaxies for optically pumped operation were also grown by nLight. Table 3.2 
details three designs grown for optical pumping characterization. These designs were grown on a 
GaAs substrate starting with a 100 nm InGaP etch stop layer, followed by a 5 period p-doped 
DBR mirror which acts as the top of the device, an active region and a 38 period n-doped DBR. 
The designs have varying DBR mirror impurity concentration profiles, specifically in the p-
doped DBR mirror. Wafer A6795 has a high p-doped DBR mirror with a concentration of 
2.5x10
18 
cm
-3
, while wafer A6802 has a lower p-doping concentration of 1.0 x 10
18
 cm
-3
. Wafer 
A6808 is identical in structure but has no impurities in DBR mirrors. Therefore the epitaxies are 
designed to characterize the relevant factors of epitaxy that can affect lasing properties; 
specifically, the doping should explicitly be related to the slope efficiency. 
Table 3.2: Description of VECSEL epi 
Structure A6795 
High Doped 
A6802 
Low Doped 
A6802 
Undoped 
38 period n-DBR 1.5 x 10
18
 cm
-3
 to 
2.0 x 10
18
 cm
-3 
1.5 x 10
18
 cm
-3
 to  
2.0 x 10
18
 cm
-3
 
------- 
Active Region 
2 QWs per node 
   
5 period p-DBR 2.5 x 10
18
 cm
-3
 1.0 x 10
18
 cm
-3 
------ 
 
 The fabrication of the optically pumped VECSELs is relatively straightforward compared 
to electrically injected VECSELs. The wafers were soldered substrate side up to diamond heat 
spreaders. The substrate is then removed by etching the bonded samples for a 24 to 48 hour 
period in a 1:5 H2O2: citric acid solution. The InGaP etches much more slowly than the GaAs 
substrate, so it acts as an effective etch stop to prevent wet etching into the DBR mirror. The 
InGaP is selectively removed by a 10-15 second dip in 1:1 HCl:DI water solution. The samples 
are then characterized through optical pumping. 
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 The samples are optically characterized at the Rose Hulman Institute of Technology by 
Professor Paul Leisher’s research group. Figure 3.2 plots the output power detected via a Si 
photo detector in relation to input power provided by the optical pump source, for samples 
A6795, A6802, and A6808. A 99% reflectivity output coupler was used to form the free space 
cavity. The procedure to align the cavity is described in Section 3.4. A clear lasing threshold, 
significant output power and narrow emission spectrum are observed. Figure 3.2 shows the same 
dependence on slope efficiency as the simulation study in Chapter 2. The undoped wafer A6808 
shows the highest slope efficiency and achieves the highest maximum power. The wafer with the 
lowest doping concentration has a lower efficiency, while the wafer with the highest impurity 
concentration has the lowest efficiency.   
 
Figure 3.2: Input power vs. output power for different DBR doping profiles 
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3.3 Device Fabrication 
 
 The mask layout to fabricate a specific VECSEL device is labeled in Figure 3.3 to specify 
the placement of each layer. The mask is composed of 4 distinct layers: A top contact layer, a 
mesa layer that is used to form the CSL and to separate devices, a bottom contact to define 
backside contact, and an implant layer to define the implant apertures on the p-doped DBR 
mirror side for gain guiding.  
 
 
 
 
 
 
 
 
Figure 3.3: Mask layout of 100 μm top contact hole diameter, with 50 μm implant  
 
Table 3.3 outlines the various device sizes that are designed in a unit cell of the mask layout. 
Adjacent VECSELs were spaced 100 μm apart. The inner contact diameter is varied from 50 μm 
to 700 μm moving in a unit cell, to create different available pumping areas. The bottom metal 
layer is the same diameter as the top contact opening. The implant aperture diameter varies 
across each row of the unit cell from 10 μm to 50 μm. The mesa extends 50 μm from each side of 
the top metal contact. This large margin is designed to accommodate wet etching of the CSL. 
The unit cell also contains alignment marks with mirror symmetry with respect to the center of 
the cell.  This is a specific design consideration due to the need for a backside alignment process 
to align the top and bottom metal layers. 
top metal layer 
mesa layer 
implant layer 
bottom metal 
layer 
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Table 3.3: Mask Specification Table 
Top Contact 
Size(μm) 
Top Contact Hole 
Diameter (μm) 
Small Implant 
Diameter (μm) 
Medium Implant 
Diameter (μm) 
Large Implant 
Diameter (μm) 
350 x 350 50 10 15 25 
350 x 350 100 10 20 50 
350 x 350 120 10 25 50 
625 x 625 150 10 30 N/A 
625 x 625 200 20 40 N/A 
 625 x 625 250 20 50 N/A 
625 x 625 300 20 50 N/A 
1450 x 1450 700 20 50 N/A 
  
 The fabrication of the devices is accomplished in the Micro and Nanotechnology Lab at 
the University of Illinois. The samples are composed of a low doped epitaxy sample A6913 and 
two high doped epitaxy samples, A6906 and A6910, both fabricated in parallel. Processing starts 
on the epitaxial surface first (which in Figure 3.1 represents the bottom of the device).  After a 
standard degrease to clean the epitaxial surface, the first step is PECVD growth of a 200 nm SiO2 
layer. The SiO2 serves to insulate the bottom contacts of the VECSEL from adjacent devices. AZ 
5214 photoresist (PR) is applied via a spinner at 500 rpm with a 3 second spread, followed by a 
30 second 4000 rpm spin. A Karl Suss manual UV aligner is used to expose the bottom metal 
mask. A CF4 RIE process is conducted to etch the SiO2 layer to form bottom contacts. After 
removing the PR mask with acetone, a new layer of AZ 5214 PR is spun for metal contact 
patterning using a reverse image lithography process. This procedure requires an additional full 
exposure after the mask aligned exposure and a subsequent soft bake at 110
o
 to effectively 
convert the PR from a positive tone to a negative tone. This lithography leaves square mesa 
openings for metal deposition. Using e-beam deposition, 15 nm of Ti, followed by 150 nm of Au 
gold are deposited.  The result of the bottom metal processing is square metal pads that partially 
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overlap the SiO2 but specifically contact the epitaxy surface through the etched openings in SiO2. 
These large metal mesas will be used later to assist with backside alignment.  
 With the backside metal contact established, ion implantation is next used to create the 
current confinement. The projected range of the implant aperture is designed to be midway 
through the p-DBR mirror. Since the implant needs to penetrate a thicker p-doped DBR mirror 
than a conventional VCSEL, a thicker implant mask is desired. Figure 3.4 shows a simulation 
obtained from SRIM 2008, which shows that a photoresist thickness of at least 7 μm is needed to 
impede the 330 keV implanted protons. A double spin process using AZ 9260 photoresist is used 
to achieve this thickness requirement. 
  
Figure 3.4: SRIM 2008 simulation of 7 μm photoresist on p-doped VECSEL epitaxy. Implanted ion 
distribution in red. 
 The next step of the process entails processing on the top of the device. A chemical 
mechanical polishing (CMP) process is utilized in order to thin the substrate to create a more 
suitable CSL thickness. The design goal for the CSL should be less than the smallest inner 
contact opening (50 μm), to prevent undercutting of smaller devices during wet etching. The 
thickness of the substrate is reduced from 250 μm to 75-100 μm. This was thicker than the target 
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thickness, but a thinner substrate compromised the transfer to the glass host substrate. CMP 
begins with heating a metallic plug to 450
o
C via a Cimorec heater. Samples are bonded via wax 
to these plugs with bottom metal down. After cooling, a glass pad is coated with a lapping 
powder to serve as an abrasive medium for grinding. The plug with a bonded sample is firmly 
pressed face down on the glass pad and figure eights are traced, with 90
o
 rotations periodically, 
to uniformly thin the substrate. A separate plate is used for polishing. After thinning and 
polishing, the samples are removed from the plug by reheating. The thinned sample is cleaned in 
80
o
C acetone followed by a standard degrease procedure. A vacuum probe is used to transfer the 
sample onto a glass slide. Wax melted onto the glass slide serves as an adhesive for bonding. The 
glass slide provides a temporary transfer substrate to assist with backside alignment. 
 Top metal contacts are formed using a Quintel 4000 mask aligner. AZ 4330 PR is spun 
on the top of the devices. The samples are loaded on a wafer chuck, and a built-in infrared 
backlight allows for the bottom metal pads to be visible on camera, for alignment of the top 
metal mask. The mask for this purpose needs to possess mirror symmetry in order to properly 
align the top and bottom features. After the lithography and a native oxide etch in 1:10 NH4-
OH:DI, ohmic contacts are evaporated onto the n-doped CSL. Thermal evaporation of 40 nm of 
AuGe alloy, followed by e-beam evaporation of 20 nm of Ni, and finished with 1 μm of Au, 
serve as the n-type ohmic metals.  
 The final steps of VECSEL processing involve transferring the devices to the heatsink 
substrate and performing a wet etch to isolate the CSLs of devices from one another. The transfer 
to the Cu substrate entails heating the glass substrate on top of the male plugs to remove the 
devices and cleaning the wax off with heated acetone, and transferring the device onto 2x2 cm 
copper plates. The copper plates are coated with Ti/Au to protect the top surface from oxidizing, 
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as well as to assist with the bonding process. Figure 3.5 illustrates the use of the vacuum probe to 
transfer onto the copper heat sinks. Indium foil, shown in Fig. 3.4, acts as a thermal conductor to 
assist with heat transfer to the heat sinks for more efficient thermal management.  The indium 
foil is applied and flattened. Once the device is placed on top, the sample is heated to 150
o
C, to 
melt the foil and create a stable, uniform bond.  
 
Figure 3.5: Sample being transferred to Cu heatsinks with indium foil 
 
 AZ 5214 is spun and developed to serve as a mask for the CSL mesa formation. A wet 
etch composed of a solution of 1:10:1 phosphoric acid, water, and H2O2 is employed for the CSL 
etch. H2O2 oxidizes copper, which effectively slows the etch rate, so the copper plate is tightly 
encapsulated in Capton tape, which is insensitive to the acid etch solution. Figure 3.6a shows the 
sample before the mesa etch. Etch times are found to vary based on CSL thickness variations 
which often varied by up to 20 μm across the sample. Figure 3.6b shows the final sample after 
removal from the etchant. Due to the CSL being thicker than the target design, many top contacts 
were etched away via isotropic undercutting of the semiconductor, exposing the underlying 
indium. Possible methods to solve this problem in the future will be addressed in Chapter 4. 
Finally, a ground contact is established by soldering a wire to the copper plate. The devices are 
now suitable for electrical characterization. 
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Figure 3.6: (a) Sample before mesa etch, (b) Sample after mesa etch, with tape/PR 
 
3.4 Electrically Injected Device Results 
 
 The first step of electrical characterization of the devices fabricated in Section 3.3 is an 
evaluation of the utility of the implant apertures. This is done by electrically probing the 
VECSEL devices and injecting forward current via the setup shown in Figure 2.4. Since there is 
no external cavity provided, only spontaneous emission is observed. This emission is imaged by 
a Panasonic IR camera with intensity measurement capability. Figure 3.7 shows an unimplanted 
VECSEL (Figure 3.7a) fabricated with the same mask set and during the same process run as the 
implanted VECSELs, but without the ion implantation process. The unimplanted VECSEL 
demonstrates the typical current crowding effect, observed from earlier characterization effects 
of large area VCSELs [4], where light is concentrated around the inner edges of the metal 
contact opening. The implanted VECSEL emission in Figure 3.7b is concentrated in the center, 
as intended by the design of the implant aperture. This result demonstrates potentially efficient 
gain pumping of the fundamental mode.  
 
 
 
 
(a) (b) 
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Figure 3.7: (a) Unimplanted VECSEL intensity plot, (b) implanted VECSEL intensity plot 
  
 The next electrical characterization is to design the external optical cavity of the 
VECSEL devices. The setup for the electrical characterization is sketched in Figure 3.8 and was 
conducted at Professor Paul Leisher’s lab, located at the Rose Hulman Institute of Technology in 
Terra Haute, Indiana. The output coupler for the VECSEL consists of a flat mirror with 99% 
reflectivity. A beam splitter is used to create HeNe laser alignment. The lens in series with the 
flat mirror is equivalent by ray optics to a curved mirror with radius of curvature of 2f, where f 
represents the focal length of the lens. The lens is positioned at a focal length from the sample, 
determined with the HeNe laser. The lens-mirror system allows for separate control of mirror 
curvature and reflectivity. In addition, since the DBR mirrors are flat interfaces, Gaussian beam 
optics implies a minimum spot size located at the DBR mirror. Normally the minimum spot size 
corresponds to the fundamental transverse mode. Hence, the curved mirror-DBR free space 
cavity should also promote the fundamental mode.  The Gaussian beam spot size w(z) and radius 
of curvature R(z) are derived from the Helmholtz equation by [5]: 
     ( )      (  (    )
 )       (3.1) 
                                                 ( )     (      )
                 (3.2) 
(a) (b) 
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where w0 is the minimum beam spot size, z represents the position along the lasing axis, and z0 is 
defined as: 
             
                (3.3) 
with n being 1 in free space, and   defined as the lasing wavelength. By imposing the condition 
that the beam radius of curvature has to match the mirror curvatures, the beam spot size as a 
function of focal length can be determined. A focal length of 13 mm created a minimum beam 
spot size that was comparable to the implant apertures. This ensures that the optical mode beam 
spot size utilized the full gain pumping region made available by the implant aperture. Light 
output is coupled into a PD36A silicon photodetector whose output is viewed on an oscilloscope, 
or could also be coupled via a switchable gold mirror into a camera for imaging. A Yokohama 
OSA can also be substituted into the optical path of the camera for spectral analysis. The input 
current source for the VECSEL is applied via a probe connected to a Thorlabs ITC 4005 Diode 
Controller. This laser power source is capable of stable high current control and also has the 
ability to apply pulsed input current.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 3.8: Electrical characterization setup 
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HeNe Alignment 
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 A low frequency pulsed source is applied as input and the output photovoltage from the 
detector is monitored on the oscilloscope. The oscilloscope output specifically displays a pulse-
like response with a transient turn-on, followed by a decay to a stable voltage, then the falling 
edge of the input pulse. The decay phase is presumably induced by thermal heating. The sample, 
lens and mirror are all connected to micromanipulators that enable rotational and translational 
control. Pulse operation allows for a qualitative method of optimizing the cavity. Specifically, 
the peak-to-peak voltage in the output pulse decay could clearly be modified by variation to the 
cavity geometry. The output coupler as well as the sample were easily translatable in the 
transverse directions to the optical path, and also had the ability for rotational control. Cavity 
alignment entails slowly and precisely translating the sample until the output pulse response has 
maximum peak-to-peak voltage, and then switching to the output coupler and repeating the 
process.  This procedure is iterated until no further increase in the peak-to-peak pulse response 
can be observed with modification to either mirror of the cavity. The input source is then 
switched to continuous wave (CW) operation. Figure 3.9 shows the measured output power from 
the photodetector and measured voltage from the power source for a 700 μm diameter inner 
contact, and a 20 μm implant aperture fabricated from the high doping design (wafer A6910). 
The familiar diode current-voltage (IV) curve is observed in Figure 3.9, which reflects that 
carriers are flowing into the p-i-n doped active region in the VECSEL epitaxy. From a 
processing standpoint, the IV curve also demonstrates that there is negligible current spreading 
between devices. In samples where current spreading was observable from luminescence, the IV 
curve had a visible shunt resistance, indicated by a slope in the IV before the diode turn-on 
voltage. From the power-current plot (LI), the power output is noticeably low, with maximum 
power only reaching 0.3 mW. For large aperture VCSELs and large spot size VECSELs, this  
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Figure 3.9: Power vs. current (red), voltage vs. current (blue) 
type of LI curve can correspond to lateral amplified spontaneous emission (ASE); this lateral 
ASE depletes the surface-emitting stimulated emission mode expected in a VCSEL [6]. To verify 
this, the spectral emission of the output signal was measured. Figure 3.10 shows the emission at 
70 mA for different cavity configurations and different mirror reflectivities.  
 
Figure 3.10: Spectral output (wavelength vs. power) with different cavity configurations 
When the output coupler is removed, only spontaneous emission is present with a similar 
spectrum to the original cavity geometry, also shown in Figure 3.10. The lack of lasing 
resonance, as well as the similar linewidth with or without the mirror, indicates the absence of 
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stimulated emission. This could be due to excessive mirror loss in the cavity. To possibly 
overcome this, a second 99% mirror was placed in front of the 99% output coupler before the 
lens and beam splitter, to create a higher reflectivity mirror-lens cavity. The emission in Figure 
3.10 for this cavity geometry shows an additional 20 dBm loss in its emission intensity, 
reflecting that more light is reflected back into the cavity; however, there is still no indication of 
stimulated emission. One possible cause of the lack of lasing is large losses from scattering of 
the Gaussian output beam off the output coupler mirror. Additional cavity optimizations can be 
employed to lower potential scattering off of the mirror. These optimizations include employing 
an intermediate lens in front of the output coupler mirror to re-collimate the beam, as well as 
moving the lens and mirror system closer to the sample. Neither optimization yields an 
indication of lasing. This suggests that large cavity losses are present for this geometry. The 
possible causes of this loss and revisions for future design of the VECSEL cavity and epitaxy 
will be discussed in Chapter 4.  
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Chapter 4 
Summary and Future Work 
 
4.1 Summary  
 
 This thesis investigates the design and fabrication of vertical external cavity surface-
emitting lasers (VECSELs). Vertical-cavity surface-emitting lasers (VCSELs) are first fabricated 
to aid the design of VECSELs. Varying doping profiles in the p-type DBR mirrors are examined. 
The characterization is specifically focused to extract a property known as the slope efficiency, 
which is extracted by measuring the slope of the light output vs. current plot in its linear regime. 
The slope efficiency is of interest due to the tradeoff inherent with doping concentration; while 
electrical injection has less series resistance with higher doping concentration, the slope 
efficiency has a dependence on cavity loss mechanisms such as free carrier absorption, which 
increases with free carrier concentration. To compare this to theory, FEM simulations are 
implemented and compared with experimental results. DBR mirror periods are added to the 
simulation structures to lower slope efficiency, while the innermost DBR mirror periods’ 
properties, which are the main focus of the simulation and experimental characterization, are 
kept consistent. Slope efficiency results from these simulations compare well with experimental 
results, provided that the oxide aperture chosen is large enough to make oxide aperture scattering 
losses negligent.  
 The VECSEL has notable differences in design as compared to VCSELs due to its goal 
of extracting higher output power. The first step in VECSEL design is the fabrication of optically 
pumped VECSELs. The transverse dimensions of the devices are controlled by the pump beam 
spot size. Three optically injected VECSEL wafers with different doping profiles are each 
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photopumped and characterized. The photopumped VECSEL operation qualitatively agrees with 
the results of Chapter 2. Electrically injected VECSEL devices are also designed. In order to 
accommodate a larger gain region, a mask set is designed with larger transverse dimensions than 
conventional VCSELs, a mesa layer to form current spreading layers (CSLs) through the 
substrate, as well as ion implantation apertures to address the problem of current crowding 
effects in larger aperture lasers. The fabrication of electrically injected VECSELs is 
accomplished, which utilize back-side infrared alignment to provide electrical isolation between 
devices via top and bottom contacts, chemical mechanical polishing (CMP) and wet etching to 
thin the substrate to serve as the CSLs of the VECSEL devices. The device cavities are designed 
to be a simple two-mirror free space cavity, with a planar mirror and lens to control the curvature 
of the mirror. Gaussian beam optics, which are described in Chapter 3, determine the curvature 
and spot size of the optical mode. Optical characterization demonstrates that the implant aperture 
is able to create preferential gain pumping to the center of the devices as compared to an 
unimplanted VECSEL. Spectral analysis shows the VECSELs exhibit amplified spontaneous 
emission, but no lasing operation is detected.  
4.2 Future Work 
 
 The processing of the devices involves the use of mechanical grinding and polishing to 
form the CSLs. However, this yields up to 40 μm of thickness variation across the sample. The 
resulting mesa etch causes many of the devices to disappear because of undercutting. To create a 
more uniform CSL, the use of an etch stop layer should be included in future epitaxy designs. 
The etch stop layer should be designed to leave approximately 5 μm remaining of the substrate.  
 In the case of the cavity design, reducing mirror loss through a second 99% output 
coupler is introduced. While the output power was lowered, lasing action is not observed. Losses 
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due to surface roughness could be caused by the uniformity issue in the CSL, which is again 
accommodated by the inclusion of an etch stop layer. An additional problem involves the size of 
the free space cavity. While the lens is positioned approximately a focal length away, the 
distance between the lens and output coupler mirror was large, and could allow for greater 
scattering loss. A smaller cavity would help to address this problem. One possible cavity 
optimization would be removing the lens altogether. While the lens does provide spot size 
control through Gaussian beam optics, the spot size may be guided for higher powers solely 
through the implant aperture. The thermal lens under normal implant VCSEL injection 
conditions does not sufficiently provide modal control.  However for the case of a VECSEL, the 
thermal lens effect is possibly sufficient. This modification would enable bringing in the output 
coupler mirror much closer to the sample and lowering any scattering loss from the output 
coupler. 
 VCSELs are considered within the communications roadmap as a possible future 
transmitter for telecommunications applications. While they possess a symmetric output beam 
cross section and high efficiency, they are limited in their optical power output. VECSELs, while 
possessing the additional complexity of a free space cavity are capable of extracting higher 
power, have demonstrated single transverse mode high brightness operation, and have potential 
applications in long haul communication links, as well as display technology and non-linear 
optics. VECSELs are additionally adaptable to various other optimizations, such as tunable 
lasers. Future endeavors in improving VECSEL characteristics and additional investigation in 
VECSEL design and growth are recommended to address the application of these microcavity 
lasers to long haul communication systems. 
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Appendix A 
Optically Injected VECSEL Process Sheet 
 
0. Solder samples sample substrate facing up onto diamond heat spreader 
 
1. Etch substrate 
 1) Use 1:5 citric acid to H2O solution 
 2) Leave in solution for 24-48 hours 
 3) Refresh solution every 24 hours 
 4) Stop etch when color of surface is red/green 
 
2. Remove InGaP etch stop layer 
 1) 1:1 HCl to H2O solution 
 2) Dip in solution for 15-20 seconds 
 3) Remove when surface is clear 
 4) If surface turns dark, DBR layers are being etched, remove immediately 
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Appendix B 
Electrically Injected VECSEL Process Sheet 
 
nLight VECSEL Process Sheet (n-substrate) 
0. Cleave and clean sample 
1.SiO2 deposition for bottom metal contact 
 1)  Clean sample (ACE / IPA / DI / IPA / N2 dry / dry bake at 110°C for 3 min) 
 2)   Use “PECVD” machine 
 3)  Deposit condition: 
  a)  Gas flow:   N2O: 80%  
               SiH4: 37.2% 
  b)  Pressure: 1,000 mT 
c)  Temperature: 300 °C 
  d)  RF power: 32 W 
  e)  Time: 17 min   4000 A 
 
 
2. Metal SiO2 opening (bottom contact)  
1)  Dehydration bake: 110 °C for 3 min 
 2)  AZ 5214 process: 
a)   HMDS Drops or HMDS vapor prime oven 
b)   Coating: Target thickness:  ~ 1.4 µm 
    Spread option: 500 rpm, 3 sec 
    Main spin: 4,000 rpm, 30 sec 
   c)   Edge bead removal (swab corners with ACE) 
  d)   Soft bake: 110 °C, for 45 sec  
 3)  Expose: Mask for metal contact 
a) Determine the tone of mask: Positive  
b) Use lithographic aligner A  
  c)  Expose 270mW for 25 sec (aligner A) 
 4)  Development: AZ 327 MIF developer  
- Develop for 35 sec  
5)  Examine pattern: use microscope and Alpha Step Profilometer  
            6)  Hard bake: 125 °C, 60 sec 
 
3. Bottom metal SiO2 etch 
 1)  Use “Freon” RIE etcher 
 2)  Etching condition (Process 4): 
Deposition rate: ~ 200 Å/min 
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Gas (CF4): 70% 
Pressure: 35 mT 
RF power: 20% 
 Etch time: ~ 8 min (for ~ 1540 Å SiO2) 
     
 
4. Metal pad lithography (mesa reverse image) for liftoff  
1)  Dehydration bake: 110 °C for 3 min 
 2)  AZ 5214 process: 
a)   HMDS Drops or HMDS vapor prime oven 
b)   Coating: Target thickness:  ~ 1.4 µm 
    Spread option: 500 rpm, 3 sec 
    Main spin: 4,000 rpm, 30 sec 
   c)   Edge bead removal (swab corners with ACE) 
  d)   Soft bake: 110 °C, for 45 sec  
 3)  Expose: Mesa mask 
a) Determine the tone of mask: Positive  
b) Use lithographic aligner A  
c) Expose 270mW for 25 sec (Aligner A) 
4) Soft bake for reversal: 110
o
C 
5) Expose: Full UV for reversal 
  Expose 270 mW for 15 sec (Aligner A)  
     6)  Development: AZ 327 MIF Developer  
- Develop for 35 sec  
 
5.  Bottom Metal Contact Deposition 
 1) Clean sample 
  a)  “Descum”: Oxygen plasma 300W for 2 min 
  b)  Rinse in flowing DI for 10 min 
  c)  Dip in 1:10 NH4OH:DI for 15 sec 
 
 2) Use evaporator named “CHA”: follow detailed manual at the machine  
  a)  Use “the disk” for deposition condition selection 
  b)  Ti (House Source): E-beam  150 Å - rate 2 Å/sec 
  c)  Au (Group Source): E-beam  2000 Å - rate 4 Å/sec (3 pellets) 
  
 3) Liftoff 
  - Use heater in 235(level 2) 
  - Heat up to about 40 C, acetone wash + spray gun 
 
   
Etch rate for SiO2: ~ 215 Å/min 
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6. Implant lithography (~ 7-8 um) 
  1) Dehydration bake 110
o
 C 5 min    
  2) AZ 9260 double spin 
   (a) Standard HMDS app. and spin(30 sec spin 4000 rpm) 
   (b) 5 sec, 500 rpm, 30 sec pin 5000 rpm 
   (c) Soft bake,  110
o 
C 3 min 
   (d) Spin 2: 5 sec, 500 rpm, 30 sec 5000 rpm 
   (e) Soft bake 2, 110
o
 C 3 min 
   (d) Edge bead(1 min exposure on aligner C,  ~1 min develop AZ 421K) 
    
  3) Implant mask (3.5 min Aligner A) 
   (a) Develop ~ 1 min AZ421K 
   (b) Descum on O2 plasma machine (300 W, 3 min) 
    
     7. Grinding and polishing 
 1. Heat male plug on Cimorec hot plate to 450
o
C 
 2. Coat with wax and transfer to cooling station 
 3. Place sample grinding side up on the plug with wax, weigh down 
 4. Cool 
 5. Deposit lapping powder and spread across lapping plate 
 6. Place plug face down on lapping plate and make 10-15 figure eights 
 7. Rotate 90
o
 every set 
 8. Check thickness 
 9. Repeat if needed (Target thickness ~5-10 um)  
 10. Rinse lapping plate and set up polishing plate 
 11. Deposit polishing powder and spread across plate 
 12.  Repeat step 6 
  
8.  Bond to glass slide 
1. Use same wax as for “Grinding and polishing” 
2. Follow same instructions to put the wax on the glass 
 
 
9. Top metal lithography    
 1)  Cleaning: (ACE / IPA / DI / IPA / N2 dry) 
 2)  Dehydration bake: 110°C for 3 min 
3)  Lift off resist coating: AZ 4330 
 a)  Disperse resist solution (sticky) to cover whole surface of the sample 
  b)  Coating: Target thickness:  ~ 3.5 µm  
    Spread option: 500 rpm, 3 sec 
    Main spin: 5,000 rpm, 30 sec 
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  c)  Soft bake:  95 °C, 90 sec 
4) Expose: Etch bead mask (check if mask is clean) 
a)  Check mask orientation - chrome pattern should face towards the sample 
b)  Use aligner A (Exposure Time: 1.5 min) 
c)  Develop in AZ400K for ~ 1 min  
 
5) Check mask orientation: C/D 
 a) Use Quintel aligner (align to large features first(i.e top metal to mesa), and then 
  zoom in for alignment mark alignment) 
 c) Exposure time: 32 sec  
 d) Development in AZ400K for ~1.5 minutes 
 
11. Top metal deposition (n-contact) 
 1) Clean sample 
  a)  “Descum”: Oxygen plasma 300W for 2 min 
  b)  Rinse in flowing DI for 10 min 
  c)  Dip in 1:10 NH4OH:DI for 15 sec 
 
 2) Use evaporator named “CHA”: follow detailed manual at the machine  
  a)  Use “the disk” for deposition condition selection 
  b)  AuGe alloy (Group source): Operation set ‘Ge’, thermal 400Å - rate 2 Å/sec 
  c)  Ni (Group Source): E-beam 200 Å - rate 2 Å/sec 
                        d)  Au (Group Source): E-beam 10000 (1um) A - rate 4 Å/sec (8-10 pellets: 1000  
  Å/pellet)  
 3) Liftoff 
  - Use heater in 235(Level 2) 
  - Heat up to about 40 C, acetone wash + spray gun 
 
12.  Bond to Cu 
1. See “Grinding and polishing” instructions, specifically for how to remove the sample 
 from the wax. 
2. Place two pieces of indium foil on Cu plate. Flatten with glass slide 
3. Heat Cu plate to ~150
o
C 
4. Place samples on foil, press down gently to apply bond.   
5. Cool 
 
13. Mesa lithography 
 1)  Clean the topside: ACE / IPA / DI / IPA / N2 dry 
 2)  Dehydration bake: 110 °C for 3 min 
 3)  AZ 5214 process: 
a)   HMDS drops or HMDS vapor prime oven 
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b)   Coating: Target thickness:  ~ 1.4 µm 
    Spread option: 500 rpm, 3 sec 
    Main spin: 4,000 rpm, 30 sec 
   c)   Edge bead removal (swab corners with ACE) 
  d)   Soft bake: 110 °C, for 45 sec  
 4)  Expose: Mask for metal contact 
a) Determine the tone of mask: Positive  
b) Use lithographic aligner A  
  c)  Expose 270mW for 25 sec (aligner A) 
 5)  Development: AZ 327 MIF developer  
- Develop for 35 sec  
6)  Examine pattern: use microscope and Alpha Step profilometer  
            7)  Hard bake: 125 °C, 60 sec 
 
14. Mesa etch (Wet etch: Phosphoric acid (1:1:10, Phosphoric:H2O2:H2O) 
1) Use Phosphoric acid etch at 1:1:10 volume ratio 
2) Etch rate approximately .45 um/min, check for color every 2-3 min, etch 2-3 DBRs 
 past active 
3) Remove PR after etch 
 
15.  Solder and wire bond 
1) Apply solder via soldering iron 
2) Bond standard wire to Cu to act as ground contact 
